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Abstract
Superconductivity in doped C60 crystals is generally admitted to be phonon
mediated. However, the electron-phonon coupling calculated within density
functional theory do not agree with measured values, in contrast to others phonon
related properties. This discrepancy hasn't been understood yet. Up to now, only
calculations using the local density approximation for the exchange-correlation
functional (LDA) were performed. In this study, we demonstrate that using exact-
exchange functionals increases the calculated couplings, bringing it closer to
experiment, while others properties, such as geometry and phonon frequencies,
are little affected. We investigate how such an improvement is possible while
little change is seen on more commonly calculated properties. This work was
supported by grants from NSERC and FQRNT and by the NSF under Grant No.
DMR07-05941 and the U.S. DOE under Contract No. DE-AC02-05CH11231. The
computational resources were provided by the Réseau québécois de cal...
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Reminder : hybrid functional
• In density functional theory (DFT), the energy has the form:
(A PBE1 functional is used in this research.) 
• Here, we make a hybrid PBE functional :
• Popular example of hybrid functional : B3LYP
– favoured among chemists over LDA & GGA
– fitted on organic systems 
– contains 20% of exact exchange (α=20%).
1 Perdew, Burke and Ernzerhof, Phys. Rev. Lett., 77, 3865 (1996)
,
  
Motivation
• Why assess the problem with hybrid functional?
– C60 is an organic system
– Its superconducting mechanism is not fully understood
• Experimental λ/N(εF) : 83 to 168 meV 
2,3
• Calculated λ/N(εF) : 49 to 85 meV 
4,5,6
2 Gunnarsson et al., Phys. Rev. Lett. 74, 1875 (1995).
3 Aksenov et al., Phys. Rev. B 57, 608 (1998).
4 Saito, Phys. Rev. B 65, 220508 (2002).
5 Breda et al., Chem Phys Lett 286, 350 (1998).
6 Manini et al., Philos Mag B 81, 793 (2001).
  
The question
• Does C60 require hybrid functional?
• We study
 Structure
 Vibrations
 Electron-phonon coupling
  
Structure
• Is exact-exchange required to get 
accurate structure?
• Only two independent bonds
• PBE accurate
• Exact exchange is not required for C60’s structure
8 Leclerq et al., Phys. Rev. B 48, 2748 (1993).
  
Phonon frequencies
• Slightly better results with B3LYP…
• but overall good agreement (α has small impact on frequencies)
• Only Ag and Hg modes are studied
9 Bethune et al., Chem Phys Lett 179, 181 (1991).
  
Electron-phonon coupling : method
• Molecular approximation to λ/N(εF):
  
• Computations done using
– Gaussian 03
– Basis 6-311g(d) (converged)
– Frozen phonon method
  
Electron-phonon coupling : impact of 
exact exchange (α)
• PBE  in line with published 
calculations 
(49 to 85 meV)4,5,6
• Total coupling 
strongly affected
• C603- : same trend
(35% increase of λ/N(εF))
4 Saito, Phys. Rev. B 65, 220508 (2002).
5 Breda et al., Chem Phys Lett 286, 350 (1998).
6 Manini et al., Philos Mag B 81, 793 (2001).
  
Comparison with experiment
• Which functional is most 
accurate?
• More experiment on λ
– N(εF)=6±2 states/(eV molecule)
– α=0%   → λ=0.3-0.6
– α=30% → λ=0.4-0.9
– Exp.     → λ=0.7-1.2
• α=30% gives better 
agreement
10 Gunnarsson et al., Phys. Rev. Lett. 74, 1875 (1995).
11 Hands et al., Phys. Rev. B 77, 115445 (2008).
  
Analysis
• How does α enhance λν/N(εF) ?
•
   
– αs used for optimisation and frequencies ; small (~ 1%) impact on λ/N(εF).
– αλ used for frozen phonons                      ; large (~40%) impact on λ/N(εF).
• Effect on    can explain systematic increase of λν/N(εF) with α.
– HF overestimates gap; LDA/GGA underestimate it.
–    drops if gap rises.
–
– Result :
• Similar trend in graphene (Lazzeri & al.12) : 
increase of coupling (~30%) when LDA replaced by GW
• Shows treatment of screening is critical for accuracy of λ/N(εF)
12 Lazzeri et al., Phys. Rev. B 78, 081406 (2008).
  
Conclusion
• Effect of exact-exchange on C60
0
 & C60
3- :
– Enhanced accuracy of electron-phonon coupling
– Description of structure and phonon frequencies remains good 
• Suggests that the treatment of screening is 
critical for accuracy of superconductivity-
related properties.
  
Motivation
• Why use α=30% in the hybrid PBE functional?
– Polyacetylene and C60 similar…
  
Motivation
• Polyacetylene 
dimerization
– Underestimated by 
LDA and GGA
– Exact exchange 
needed (α=30%)
• Theory supports 
α~25% for PBE7
Experiment
7 Perdew, Emzerhof and Burke, J Chem Phys 105, 9982 (1996).
  
Testing accuracy
– Computations done using
• Gaussian 03
• Basis 6-311g(d) (converged)
• Frozen phonon method
– For PBE, checked with Abinit 
• Plane wave basis
• linear response method
– Good overall agreement
• Frequencies agree to 1%
• Total coupling agree to 6%
